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CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
1.1 Background of the Study 
 
 
Adhesives have acquired a steady position in an increasing number of 
production processes and there is hardly any product in our surroundings that does 
not contain at least one adhesive (Ceresana, 2012).  Adhesives offer many 
fascinating advantages over the conventional mechanical fasteners such as provide 
joints with smooth contours, seal joints against a variety of environments, insulate 
against heat transfer and electrical conductance, dampen vibration, absorb shock, 
resist fatigue and cyclic loads, quicker and cheaper to form, uniform distribution of 
stress as well as larger stress-bearing area (Harper, 2002; Messler, 2004).  These 
unique properties and enormous benefits have made the adhesives broadly utilized in 
the structural engineered wood products and construction of residential structures 
(Ross, 2010).  This can be manifested by viewing the market study conducted by 
Ceresana (2012) which expected the demand of adhesives in the construction 
industry will rise by 3.4 % per annum to become the worldwide largest field of 
application in 2019.  Besides that, the turnover of global adhesives market is 
forecasted to achieve almost US $ 50 billion in 2019 with the increasing of global 
demand on average by 2.9 % per annual in the next five years. 
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Among the commercial adhesives, isocyanates and formaldehyde-based resin 
adhesives such as phenol-formaldehyde and urea-formaldehyde are dominant in the 
wood industry especially for the production of wood composite panels (Jang et al., 
2011; Liu and Li, 2002).  Nevertheless, these petrochemical-based adhesives are not 
sustainable in the long run from the environmental point of view and the scarcity of 
petroleum will also affect the future cost and availability of these petroleum-based 
adhesives (Abdelwahab and Nassar, 2011; Jang et al., 2011).  In addition, the 
reclassification of formaldehyde from a ‘suspect carcinogenic’ to a known 
carcinogenic by the International Agency for Research on Cancer (IARC) has 
aroused a wide public concern since the emission of carcinogenic formaldehyde from 
formaldehyde-based resin adhesives not only will induce health hazard and poor 
indoor air quality but also expose workers to formaldehyde during the manufacturing 
process and extra cost is required to ensure a safe operation in the process plants 
(Frihart, 2005; Badri et al., 2006; IARC, 2006).   
 
 
Even though the petroleum-based adhesives are adequate supply today,  the 
effect of spiralling oil prices, environmental and safety concerns have spawned the 
initiatives of adhesives industry and researchers to formulate and develop a non-toxic, 
environmentally friendly and potentially inexpensive bio-based adhesives to supplant 
the conventional petroleum-based adhesives (Ibrahim et al., 2008; Lei et al., 2008).  
By utilizing the lignocellulosic agricultural waste material as the basic in the 
development of bio-based adhesives, researchers have successfully demonstrated that 
the lignin of agricultural by-product such as bagasse, oil palm empty fruit bunch, 
groundnut shell and coffee bean shell has provided an alternative route to develop 
green adhesives (Khan and Ashraf, 2005; Khan and Ashraf, 2006; Ibrahim et al., 
2008; Kim, 2010; Abdelwahab and Nassar, 2011; Cheng et al., 2012).  By partially 
replacing the phenol with agro-waste lignin, a new biodegradable adhesive with 
better adhesive strength, namely lignin-phenol-formaldehyde adhesive is 
successfully developed.  This kind of lignin substituted adhesive is not only 
environmentally friendly but also less expensive due to the lower dependency on 
petroleum-based phenolic resins (Calvo-Flores and Dobado, 2010). 
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The interest in the preparation of tannin-based adhesives has grown in the 
past few decades because it is seen as another promising approach in preparing 
biodegradable adhesives.  In a number of studies, the preparation of bio-based 
adhesives based on green plant-derived tannins has been shown to benefit the 
adhesives in term of its additional advantage of leading to be more environmentally 
friendly (Vázquez et al., 2005; Hoong et al., 2011; Abdullah and Pizzi, 2012; Ping et 
al., 2012).  The structural beams and composite wood products for instance plywood, 
particleboard and hardboard that were fabricated with tannin-based adhesives have 
also shown comparative properties to those products that are  manufactured with 
petrochemical-based adhesives as well as to accord with the relevant international 
standard specifications (Lu et al., 1995; Sumin et al., 2003; Pichelin et al., 2006; 
Moubarik et al., 2010).   
 
 
With tremendous interests and efforts being put in this area, environmentally 
friendly mixed tannin / lignin adhesives demonstrated by Lei and co-workers (2008) 
have led to a massive revolution in the wood adhesive development.  This is because 
the mixed tannin / lignin adhesives represent a new alternative to develop the bio-
based adhesives and they also form a new class of high proportion of natural 
material-based adhesives that satisfy the international standards for both performance 
and emission restriction.  Despite the notable findings have directed the researches’ 
interest towards the use of different combinations of natural materials (mimosa, 
grape pomace, wheat straw and Miscanthus x giganteus) in the preparation of tannin 
/ lignin adhesives (Navarrete et al., 2010; El Hage et al., 2011; Lan et al., 2012; 
Navarrete et al., 2012), the emphasis solely on the viscoelasticity and internal bond 
strength in these works have resulted in the fundamental knowledge and properties of 
the tannin / lignin adhesives still being unclear, which, in turn, confine the 
understanding on this adhesive.   
 
 
Spent coffee ground (SCG), a solid residue discharged during the coffee 
brewing process, consists of abundant organic matters (Murthy and Madhava Naidu, 
2012; Pujol et al., 2013) which are potential to be reused for various bio-products.  
Among these organic compounds, tannin, which accounts for about 4 % of dry SCG 
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(Pujol et al., 2013), is a potential candidate to be utilized as natural polymeric 
material for adhesive applications.  By incorporating the SCG tannin with the kraft 
lignin recovered from the black liquor of pulp and paper processing, it was believed 
that a waste-derived tannin / lignin wood adhesive could be developed, not only as a 
solution to the management of agricultural wastes, however, it also comes in 
conjunction with the waste to wealth concept.  Having in mind the above mentioned, 
the main aim of this study is to develop an eco-friendly wood adhesive based on the 
SCG tannin, which is currently underexplored.  With regard to this, a tannin isolation 
process with the use of SCG as a renewable resource was designed in this study.  In 
order to have a clear idea of the developed adhesive, structural study had also been 
performed to identify the structural features of the SCG tannin.  The investigation on 
the undisclosed physicochemical properties, thermal stability, surface energy as well 
as work of cohesion and work of adhesion for the developed tannin / lignin adhesive 
has been expected to fill up the academic deficiencies in the current adhesive system, 
meanwhile to serve as an intellectual catalyst to speed up the global development of 
green adhesives. 
 
 
 
 
1.2 Problem Statements 
 
 
 In order to keep pace with the worldwide green technology trend, extensive 
studies have been carried out to eliminate the petroleum-derived synthetic resins 
from the formulation of commercial adhesives by substituting them with natural 
polymeric materials.  Notwithstanding the mixed tannin / lignin adhesives provide a 
good starting point for the formulation and development of bio-adhesives with high 
renewable material contents without fortifying with synthetic resins, however, the 
fundamental properties, namely solid content, density, hydrogen ion concentration 
(pH) and viscosity of this type of natural adhesives still remain unclear.  These 
physicochemical properties are crucial to provide insights into the underlying 
behaviours of the base polymers in the adhesive formulation and understanding the 
formulated adhesives more completely (Dillard, 2011).  Moreover, the thermal 
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stability, surface energy, work of cohesion and work of adhesion, which are the vital 
properties of adhesives, also yet to be qualitatively evaluated and reported elsewhere.  
These properties are intimately associated to the end-use performances of the 
adhesives and indirectly affect the practicability of the tannin / lignin adhesives in 
replacement of petrochemical-based adhesives.  Thus, more intensive research 
should be conducted to further assessing the relative merits of tannin / lignin 
adhesives in order that this type of wood adhesives can be applied across the wooden 
products industry. 
 
 
 Nowadays, the applications of natural materials in adhesive production are 
still relatively uncommon in Malaysia.  Majority of the research and development 
(R&D) as well as commercial efforts focus on palm oil biomass in order to reuse and 
reduce the staggering amount of harvestable biomass discarded by palm oil 
plantations and palm oil mills.  Likewise, SCG discarded by coffee industry, coffee 
chain and household should also be properly handled.  SCG is highly pollutant due to 
the presence of caffeine, tannins, and polyphenols that confer a toxic nature to the 
material, and the presence of organic matter also makes it requires a huge quantity of 
oxygen to degrade (Silva et al., 1998; Mussatto et al., 2011).  Meanwhile, methane, 
which is a greenhouse gas and even more harmful than carbon dioxide, will also be 
created in the landfills and contribute to global warming (Crumbley, 2009).  
Moreover, if SCG is not properly handled and simply being piled up, fermentation of 
the residues might cause spontaneous combustion, as occurred in some storage sites 
(Silva et al., 1998).  Therefore, there is a critical need to further explore the potential 
and alternative uses of SCG in order to assuage the agricultural waste disposal 
problems. 
 
 
 Based on the above points of view, the creation of adhesives based on the 
SCG tannins is manifestly an alternative method to diversify their usefulness and 
achieve a sustainable management of agricultural wastes.  Simultaneously, the SCG 
tannin might also be potential to replace the conventional commercial bark-derived 
tannins, which are used in the current bio-adhesive systems, since the greenhouse 
effect might result from the deforestation to acquire the tannins, and thus conflicting 
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with the Kyoto Protocol.  Furthermore, the use of SCG tannin adhesive will not only 
increase the green value of the end products, but also make the products to keep pace 
with the latest green trend as well as to gain a global perspective on green economy.  
Nonetheless, these statements were clearly deductively invalid since the research 
pertaining to the SCG tannin-based adhesive is still in blank by now and yet to be 
verified by scientific method.  Thus, a detailed R&D work was implemented to 
provide evidence to validate the inferences. 
 
 
 
 
1.3 Objectives 
 
 
The main objective of this study is to investigate the feasibility of SCG as a 
renewable tannin resource for adhesive applications, meanwhile to gain a better 
understanding on the chemical structure of SCG tannins as well as the fundamental 
properties and performance of the developed tannin / lignin adhesives.  In order to 
achieve this objective, the following sub-objectives are identified. 
 
 
(a) To examine the influence of sodium hydroxide concentration, 
extraction temperature, extraction time and liquid to solid ratio on the 
extraction yield and Stiasny number of the isolated SCG tannin 
extracts as well as to identify the optimum extraction conditions.  
 
 
(b) To characterize the isolated SCG tannin extracts in terms of structural 
features: constituent monomer, oligomeric structure, composition and 
degree of polymerisation. 
 
 
(c) To develop a mixed SCG tannin / kraft lignin wood adhesive and then 
to investigate the compositional effect on its solid content, density, 
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viscosity, hydrogen ion concentration (pH), thermal stability, 
attenuated total reflectance – fourier transform infrared (ATR-FTIR) 
spectroscopy, surface energy, work of cohesion and work of adhesion. 
 
 
 
 
1.4 Scope of Study 
 
 
 Generally, this study covered the tannin extraction process by using SCG as 
the renewable raw materials and also the development of wood adhesives based on 
the isolated SCG tannin extracts.  In order to gain a clear view of the prepared wood 
adhesives, the isolated SCG tannins were subjected to characterization prior to 
adhesive preparation.  The study scope of these works includes the following 
contents.         
 
 
(a) SCG tannins were isolated by applying sodium hydroxide extraction 
process.  The influence of sodium hydroxide concentration, extraction 
temperature, extraction time and liquid to solid ratio on the extraction 
yield and Stiasny number of the isolated SCG tannin was studied via 
Design of Experiment (DOE).  Modelling and simulation were then 
applied by using JMP 11 to identify the optimum extraction 
conditions. 
 
 
(b) Attenuated total reflectance – Fourier transform infrared (ATR-FTIR) 
spectroscopy, carbon-13 nuclear magnetic resonance in the solid state 
using cross-polarization and magic angle spinning (CP-MAS 
13
C 
NMR) spectroscopy as well as matrix-assisted laser desorption 
ionisation-time of flight (MALDI-TOF) mass spectrometry were 
introduced to deal with the structural characterization. The constituent 
monomer, oligomeric structure, composition and degree of 
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polymerisation of the isolated SCG tannin extracts were derived and 
analysed from these acquired spectra.  
 
 
(c) SCG tannin-based wood adhesives were prepared at different weight 
proportion of SCG tannin and glyoxalated kraft lignin resins.  The 
investigated properties comprised of solid content, density, viscosity, 
hydrogen ion concentration (pH), attenuated total reflectance – fourier 
transform infrared (ATR-FTIR) spectroscopy, thermal stability, 
surface energy, work of cohesion and work of adhesion. 
 
 
 
 
1.5 Significance of the Study 
 
 
 To date, numerous researches have been carried out to study and explore the 
utilization of SCG for different kinds of bioactive compound, bio-adsorbent, bio-fuel 
and health care application (Azouaou et al., 2010; Kyzas, 2012a; Kyzas, 2012b; 
Acevedo et al., 2013; Simões et al., 2013; Chiari et al., 2014; Simões et al., 2014; 
Tehrani et al., 2015).  However, in this work, the main research interests are focused 
on the use of SCG as a renewable tannin resource in order to further valorise the 
usage of this type of solid waste.  This significant attempt is not only easing the 
burden of government and coffee industry on the issue of handling agricultural and 
municipal wastes, but also discovers an alternative way to obtain tannins instead of 
using green plants, thus, avoiding deforestation. 
 
 
 In Malaysia, biotechnology is driving the development of biopolymer and the 
majority of the development efforts have been addressed on the bio-plastic such as 
biodegradable packaging materials and single-use plastic cutlery.  Though less 
attention is being given to biopolymer adhesives at the present time,  it is strongly 
believed that Malaysia holds immense potential for the development of bio-adhesives 
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since Malaysia is blessed with the rich biodiversity of natural resources.  Hence, by 
harnessing the potential of these biological resources such as SCG, vast opportunities 
will open up for local and foreign investment in the biopolymer adhesive related 
business and transform Malaysia into a high-income nation.  Meanwhile, it will also 
further advance the industrial biotechnology in Malaysia as well as to stimulate and 
unfold a new and interesting chapter in the current biopolymer industry.  
 
 
 Without a doubt, the development of SCG tannin-based wood adhesive will 
benefit the society and the nation due to its tendency to enhance the value creation of 
biomasses that is able to improve various aspects of life for instance environment, 
health and general well-being.  By recognizing the significance of bio-economy, the 
sustainable conversion of SCG into useful wood adhesives is a feasible way to 
promote the greening practice in a globalising economy without compromising the 
environmental harmony since the green wood-based products do not only fulfil the 
eco-market demands but also create the next generation novel products that use less 
petrochemical based raw materials. 
 
 
Last but not least, the preparation of green wood adhesives based on SCG is 
in conjunction with the ninth idea entitled ‘Valuing our environmental endowments’ 
in the Tenth Malaysia Plan (Malay: Rancangan Malaysia Kesepuluh) proposed by 
the Prime Minister Dato’ Sri Mohd. Najib Bin Tun Abdul Razak in which the 
environment and nature conservation have accorded the highest priority to ensure a 
better living environment for our next generation.  Meanwhile, it will also burnish 
Malaysia’s reputation on the global stage to become one of the Asian countries that 
is able to gain market shares in the global adhesives market, as forecasted by the 
Ceresana Market Intelligence Consultant. 
 
